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Abstract 
We demonstrate an advanced approach using advanced in-situ transmission electron 
microscopy (TEM) to understand the interplay between nanostructures and thermoelectric 
(TE) properties of high-performance Mg-doped Zn4Sb3 TE system. With the technique, 
microstructure and crystal evolutions of TE material have been dynamically captured as a 
function of temperature from 300 K to 573 K. On heating, we have observed clearly 
precipitation and growth of a Zn-rich secondary phase as nanoinclusions in the matrix of 
primary Zn4Sb3 phase. Elemental mapping by STEM-EDX spectroscopy reveals enrichment 
of Zn in the secondary Zn6Sb5 nanoinclusions during the thermal processing without 
decomposition observed. Such nanostructure strongly enhances the phonon scattering 
resulting in the decrease in the thermal conductivity leading to a zT value of 1.4 at 718 K.  
Keywords: thermoelectrics, transmission electron microscopy, energy dispersive X-ray 
spectroscopy, high angle annular dark field, selected area electron diffraction, Zn-Sb 
compounds.  
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1. Introduction 
High-performance thermoelectric (TE) materials are usually heavily doped semiconductors to 
get a high electrical conductivity (σ). With expectation of low thermal conductivity, various 
phonon scattering processes allow reducing the thermal conductivity (κ). The combination of 
these factors leads to high TE figures of merit, zT = S
2σT/κ (where S is the Seebeck 
coefficient and T is the temperature, ).  Creating nanostructures in TE materials is one of the 
promising approaches to obtain high zT:
[1]
 (i) enhancing the density of state near Fermi level 
via quantum confinement and as a result increases the thermopower to decouple thermopower 
and electrical conductivity; (ii) reducing the thermal conductivity by introducing more 
phonon scattering on the nanostructures while preserving carrier mobility and electronic 
conduction. In most nanostructured TE materials, understanding the interplay between 
nanostructures and TE properties under dynamic conditions plays an important role to 
develop high performance and stable TE materials and devices.
[2]
  
The idea of nanostructured thermoelectric materials was firstly reviewed by Dresselhaus et 
al.,
[3]
 in which low-dimensional thermoelectricity was believed to start with the introduction 
of two strategies: the use of quantum-confinement phenomena to enhance and control S but σ 
independently, and controlling of the thermal conductivity by the use of numerous interfaces 
to scatter phonons more effectively than electrons, and to scatter preferentially those 
phonons.
[4]
 Among these strategies, nanocomposite TE materials, which are designed to 
introduce nanometer-sized polycrystallines and interfaces into bulk materials, can be 
considered as an effective approach to produce high-performance TE materials with low cost 
and large volume.
[5]
 It is realised by the formation of nanometer-sized (grain size ∼5 nm–10 
μm, typically) grains on a main matrix that creates extensive interfaces between the 
neighbouring nanoparticles, which allows significantly lowering the thermal conductivity.
[5]
 
Nanocomposites with enhanced zT have been found in the various TE material families, 
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including Bi2Te3-based nanocomposites,
[6–9]
 PbTe-based nanostructured materials,
[10–12]
 
SiGe-based nanocomposites,
[13–16]
 and ZnSb alloy,
[17–21]
 etc. 
 Zn4Sb3 alloy has been well-known as high-performance TE materials in the intermediate 
temperature range (473−673 K). In addition, Zn4Sb3 consists of low-cost and abundant 
elements, hence, it has been considered as one of the best candidate p-type for making a low 
cost and high conversion efficiency thermoelectric power generator (TEG).
[22–28]
 Despite 
those advantages, thermal instability of Zn4Sb3 is the main factor responsible for limiting its 
practical application in TEG.
[18,29–35]
 Therefore, many studies have focused on the stability of 
Zn4Sb3 in different conditions e.g. inert gas,
[34–36]
 air,
[36]
 static vacuum,
[34]
 and dynamic 
vacuum.
[34,37]
 In those works, various techniques e.g. thermogravimetric analyses 
(TGA),
[34,35]
 high-temperature powder X-ray,
[37]
 or high-temperature synchrotron powder X-
ray diffraction,
[18,29–33]
 were employed to understand the degradation rate of materials. 
Additionally, a theoretical model was also used to calculate 
time−temperature−transformation of Zn4Sb3 phase.
[38]
 It was shown that under heating 
condition Zn4Sb3 started degrading below 500 K in air,
[36]
 and higher 543 K dynamic 
vacuum,
[34,37]
 however stable under Argon gas and static vacuum up to 670 K.
[34,35]
 All 
reports focused on decomposition of Zn4Sb3 proposed migration of high dynamic Zn into Zn 
interstitial (hcp) sites at elevated temperature as the main mechanism of Zn4Sb3 
degradation.
[18,29–38]
 The decomposition of Zn4Sb3 was also proposed to suppress into ZnSb 
and Zn
[38–41]
, and this hypothesis was only supported by indirect experimental work e.g. TE 
characterization in different conditions and high-temperature powder X-ray diffraction,
[18,34]
 
which could only give very limited understanding the processes at the atomic scales. These 
remained a number of limitations: (i) the explanation relied on experimental result collected 
from different type of studied sample i.e. powder materials for XRD and pressed pellet for 
TE characterization; (ii) the test condition of Zn4Sb3 materials was not equivalent to the TE 
10.1002/cphc.201700930
Ac
ce
pt
ed
 M
an
us
cr
ip
t
ChemPhysChem
This article is protected by copyright. All rights reserved.
4 
 
conditions (i.e. thermal cycling, thermal gradient, temperature variation) where the 
microstructure and crystal evolution could easily occur. So far, no direct experiment has been 
conducted to prove evidently the hypothesis of material decomposition. Notably, this is likely 
one of the general issues in most nanostructured TE materials that needs to be clarified using 
advanced in-situ experiments. 
In particular, improving thermal stability for Zn4Sb3 materials could bring benefit for 
practical application. Thus, many efforts have been made including element 
substituting/doping into Zn site including Cd doping,
[42]
 Mg doping,
[30]
 Bi doping,
[43]
 Gd 
doping,
[44]
 or thermal processing in inert gas (e.g. Ar),
[45]
 or melt-spun preparation,
[46]
 or 
compositing Zn4Sb3 with nanostructures,
[47]
 etc.  Among them, Mg doping demonstrated an 
effective improvement on thermal stability by significantly reducing the fraction of 
decomposition at high temperature (13% compared to 42% in undoped samples).
[30]
 This 
could be presumably resulted from a unknown structural behavior which was not clearly 
understood previously.
[30,48]
  
In this study, we propose a useful tool using in-situ high-resolution transmission electron 
microscopy (TEM) combined with high quality compositional analysis to provide deep 
understanding the TE properties of nanostructured materials and low-cost high-performance 
Mg-doped Zn4Sb3 system was chosen as a typical case study. The crystal and microstructure 
evolutions of Mg-doped Zn4Sb3as a function of temperature from 300 K to 573 K are 
captured. The TE properties of pressed pellet are also characterized as a function of 
temperature, and the obtained results will be incorporated with the in-situ analyses to explain 
the origin of high performance as well as the thermal stability of Zn4Sb3 materials. 
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2. Experimental procedures 
Ingot alloy with a nominal stoichiometry of Mg0.04Zn3.96Sb3 was prepared from mixture of 
component elements (99.99% Zn granules, 99.5% Sb powder and 99.5% Mg ingots) sealed in 
a 10
-4
 Pa quartz ampoule which was then heated to 973 K (700
o
C) (heating rate 400K/h) in a 
tube furnace. The ampoule was held horizontally in the furnace at the temperature for 2 h 
under continuous rotation to ensure homogeneous melting before quenching into ice water. 
Details of preparation and processing can be referred to previous work published 
elsewhere.
[30]
  
Crystallography and microstructure of the materials were studied using transmission electron 
microscopy (TEM) under both in-situ and ex-situ heating experiments in a Jeol JEM 3000F 
and a FEI Tecnai F30 which are both equipped with field emission gun (FEG), high angle 
annular dark-field (HAADF) detector and silicon drift detector (SSD) for energy dispersive 
X-ray (EDX) spectroscopy. TEM specimens were prepared by mechanical grinding and then 
final thinning using Ar ion milling. In-situ heating experiment inside TEM chamber of the 
Jeol 3000F TEM was performed on a Gatan heating holder with a Ta cup (Model 
No.628Ta)
[49]
 Ex-situ EDX analysis was conducted using the FEI Tecnai F30 with a low 
background holder specifically used for EDX spectroscopy analysis. 
Measurements of the Seebeck coefficient and the electrical resistivity were simultaneously 
conducted using a commercial equipment Ulvac-Riko Zem-3 from room temperature up to 
718 K under helium pressure of 0.1 Bar. The thermal conductivity () was calculated from 
the measured thermal diffusivity (), the mass density (), and the specific heat capacity (Cp) 
using the relation  = ×D×Cp in which the thermal diffusivity was measured by laser flash 
method (Netzsch LFA-457, Germany), the mass density of the sample was obtained by 
Archimedes’ method using water with surfactant, and the specific heat capacity was 
measured by differential thermal analysis technique using a differential scanning calorimeter 
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(Netzsch DSC 404C, Germany). The heating rate was about 1K/min for both measurements 
in ZEM3 and LFA-457 systems. 
 
3. Results and discussion 
In-situ heating experiment was performed on the Jeol JEM 3000F TEM using a Gatan heating 
holder.
[50]
 The experiment was initialized by an imaging process at room temperature (RT), 
then heating slowly to certain temperatures (about 0.1
 
K/s), and keeping the specimen at such 
steady temperatures in 5 minutes for imaging. Temperature on the heating stage was carefully 
calibrated to be accurate within 3
 
K. Fig. 1 illustrates microstructural evolution of the studied 
material under in-situ heating experiment combined with TEM imaging.  
A well-defined granular structure is observed at room temperature (Fig. 1a) which is later 
known as primary phase. It is clearly seen that under heating process, the grain structure of 
the primary phase remains unchanged (Fig. 1b-d). Significant change observed here is the 
formation of dark-contrast nanoparticles in the grains of the primary phase on heating. Both 
size and concentration of such nanoparticles tend to increase with increasing the heating 
temperature. Namely, the nanoparticles likely start to nucleate at about 373 K (Fig. 1b) with 
average size of 12 nm and increase their average size to 32 nm as heated to 573 K. This 
growth process could be further visualized using some magnified BF-TEM images (Fig. 2) 
where the dark-contrast nanoparticles are zoomed in and clearly indicated. In fact, the picture 
of formation of the nanoparticle in a number of heat-treated TE materials was previously 
reported in a number of works in which the nanoparticles was commonly referred as 
nanoinclusions.
[18,20,51]
 Notably, such a nice picture of nanoinclusions formation is directly 
observed in our work under an in-situ experiment where no nanoinclusion exists from the 
pristine material at room temperature. 
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To clarify how this evolution affects the crystal structure of the material, selected area 
electron diffraction (SAD) was also recorded. Fig. 3 shows SAD patterns of the studied 
material recorded at various temperatures during the heating experiment from which the 
structural evolution could be understood. As seen from Fig. 3(a), a pattern of diffraction spot 
is visible when the sample is at room temperature showing single crystalline nature in the 
area of diffraction where the beam goes through a high-order Laue zone axis. Carefully 
indexing the pattern (see supplementary information S1) shows a purely single phase 
structure with a rhombohedral unit cell (a = b = 1.230 nm, c = 1.248 nm) where the electron 
beam goes through [350] zone axis of the crystal. This spot pattern still exists in the sample 
under heating process (Fig. 3b,c) indicates that crystal structure of the initial phase is stable 
on heating. According to previous studies,
[37]
 such a crystal structure could be identical to 
Zn5.54Sb5 (space group cR3 ) with over 99% consistency. Stable spot pattern existing under 
heating experiment confirms preservation not only of grain structure but also of crystal 
structure of the primary phase. 
Interestingly, the formation of the nanoinclusions in the primary phase matrix on heating 
(Fig. 1b-d) results in a pattern of diffraction rings (Fig. 3b-c). More rings appear when the 
temperature increase (Fig. 3c), and the rings pattern becomes sharper and well defined when 
the structure of the nanoinclusions becomes stable i.e. at temperatures above 573 K. This 
indicates crystalline structure in the dark nanoinclusions. Indexing the ring pattern using 
CrysTBox package (Supplementary information, S1, S2)
[52]
 shows another single phase with 
a trigonal/hexagonal unit cell (a = 1.235 nm, b = 0.775 nm, c = 1.251 nm) which is close to 
that of Zn6Sb5 phase.
[37,53]
 This reveals the formation of two-phase structure (primary 
rhombohedral Zn5.54Sb5 phase and secondary trigonal Zn6Sb5 phase) during heating. Further 
to structural determination using SAD, crystal structure of the primary and secondary phases 
are also clarified using convergent beam electron diffraction (CBED), and the results are 
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represented in Fig. 3d-f. In this case, the microscope was carefully aligned into microprobe 
scanning mode, and a HAADF image was firstly taken (Fig. 3d) showing typical secondary-
phase nanoinclusions (dark areas) grown on matrix of the primary phase (bright area). 
Subsequently, the electron probe was manipulated to focus onto the regions of secondary-
phase nanoinclusions (labeled by (1) in Fig. 3d) and primary phase (labeled by (2) in Fig. 3d) 
so that the CBED disk patterns were collected using CCD camera. CBED patterns of the 
primary phase (Fig. 3e) and secondary nanoinclusion phase (Fig. 3f) are precisely confirmed 
their crystal structure which is well consistent with the data obtained from the SAD above 
(Details of indexing CBED patterns could be referred to supplementary information, S3). 
Formation and growth of the secondary trigonal/hexagonal phase in the matrix of primary of 
Zn6Sb5 phase could be ascribed to the movement and/or self-diffusion of Zn interstitial from 
the non-stoichiometric counterpart in the material.
[54,55]
 Our observation points out that there 
is no decomposition process occurred at temperatures below 673 K as suggested by a number 
of previous studiess.
[38,39,53]
Origin of the movement and self-diffusion is due to high mobility 
of Zn atoms which has been known as a high superionic conductor.
[56]
 High-resolution 
transmission electron microscopy (HRTEM) presented in Fig. 4 allows us to understand 
deeper into crystalline nature of the primary and secondary phases where the secondary 
Zn6Sb5 phase is visible as nanoprecipitations on the matrix of the primary Zn5.54Sb5 phase. 
This can be clearly seen via a series of Moiré fringes pattern in the HRTEM image.
[57]
 Such a 
Moiré pattern is caused by overlap of two precipitated crystal system of which one is the 
secondary Zn6Sb5 nanocrystals. HRTEM image also allows the crystal unit cell of the 
secondary Zn6Sb5 phase to be simulated (Supplementary information, S2). It is notably 
interesting to note that such an evolution of two-phase structure could only be observed in 
TEM as a superior characterization technique, and in-situ TEM particularly helps to 
understand the structural evolution in atomic-level scale. 
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In supplement to new picture of structural evolution in our studied Mg-doped Zn4Sb3 
material, compositional analysis would help to view deeper into chemistry of the secondary 
phase. To realize this, energy dispersive X-ray spectroscopy (EDX) in scanning mode of 
transmission electron microscopy (STEM) is exploited of which spectroscopy images 
(elemental map, elemental line distribution, etc.) are quantitatively reconstructed. Fig. 5 
represents STEM high angle annular dark field (HAADF) images of the Mg-doped Zn4Sb3 at 
room temperature and at 573 K where the secondary phase is observed to precipitate 
apparently on the primary phase as dark-contrast nanoinclusions. The dark-contrast of the 
secondary nanoprecipitation phase (Figs. 5b,c) indicates a low average atomic number of the 
nanoprecipitation than that in the matrix in terms of Z-contrast principle in STEM-HAADF 
image,
[51]
 whereas uniform bright contrast (Fig. 5a) in the sample at room temperature shows 
a compositionally single-phase. Compositionally single-phase nature of the primary phase in 
Fig. 5a is also proved via uniform distribution of Mg, Zn and Sb elements in STEM-EDX 
maps of such elements (supplementary information, S4). 
Fig. 6 illustrates STEM-EDX elemental maps and elemental line distribution of the Mg-
doped Zn4Sb3 sample after heating to 573 K and keeping there for 15 minutes. Distribution 
maps of Zn and Mg clearly show enrichments of these elements in the precipitated 
nanoinclusions denoted by enhanced brightness in the area of nanoprecipitation in their 
elemental maps (Figs. 6b,d). The enrichment results in an average atomic weight lower than 
the matrix region and as a result causes darker contrast in the STEM-HAADF (Fig. 6a). 
Oppositely, the variation of Sb concentration from the primary matrix to the secondary 
nanoprecipitation seems to be so small that it could not be seen in the EDX elemental map as 
shown in Fig. 6c. Variation of elemental concentrations from primary matrix to the secondary 
nanoprecipitation could be further seen quantitatively in Fig. 7 where EDX distributions of 
Zn and Sb along a line in HAADF image (Fig. 7a) are plotted (Fig. 7b). It is obviously seen 
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that the concentration of Zn relative to Sb increases evidently from the matrix to the 
nanoprecipitation denoted by the peaks of in the Zn concentration plot (Fig. 7b). The increase 
of Zn concentration in the nanoprecipitated phase results in a lower average atomic weight of 
the secondary phase so that it looks darker in the STEM HAADF images as shown in figures 
4-7. It is also consistent with elemental map (Fig. 6b,c) where the enhanced brightness visible 
as enrichments of Mg and Zn. In addition, we also observe a slight increase of Zn 
concentration in the nanoprecipitation nanodots as increasing the heating temperature. 
In fact, decomposition can only be observed when the sample was heated over 673 K. In this 
scenario, secondary Zn-rich phase grows quickly in both size and density whilst the grain 
structure of the primary phase shrinks quickly. This evolution results in a decomposition 
process like a zone melting as proposed by previous authors.
[38,39,53]
 This process also causes 
damaging to the TEM specimen and prohibits further characterization of decomposed sample. 
However, such a quick process in a short moment is about enough to prove decomposition of 
Zn4Sb3 at high temperature. It is also supplementary to the story that decomposition is not 
denoted by formation of secondary nanoprecipitated phase but a consequence of the growth 
of this phase due to migration of Zn under the heat at high temperature.
[54,55]
 In the Zn4Sb3 
structure, there are 18 Sb
3-
 and 12 Sb
2-
 ions per unit cell corresponding to total of 78 negative 
charges. To balance the electric charge, 39 Zn
2+
 are required, but only 36 sites are available. 
Therefore, three zinc ions need to be filled in the interstitial sites.
[25]
 Migrated Zn atoms at the 
dislocations could be attributed to the Zn interstitial site due to the fact that they are often 
very mobile.
[58]
 
All the evidences of structural and compositional evolution from in-situ and ex-situ 
experiments suggest a new understanding on the thermal instability of Mg-doped Zn4Sb3 
below 673 K due to Zn migration rather than a decomposition process. Growth of secondary 
phase is evidentially illustrated in parallel with enrichment of Zn in the phase in a structurally 
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stable primary phase. In the temperature range from room temperature to below 673 K, 
observation evidences unlikely support decomposition process but two-phase structure with 
growth of Zn-enriched secondary phase by migration of Zn atoms. Decomposition at high 
temperature range above 673 K is likely demonstrated as a consequence of growth of the 
secondary phase when the migration become inflation.  
Thermoelectric properties of Mg-doped Zn4Sb3 are investigated as a function of temperature 
from 300 K to 718 K as presented in Figure 8. It can be seen that the electrical resistivity has 
two tendencies i.e. metallic conducting behavior in the temperature range of 300 K to 520 K 
and semiconducting behavior from 520 K to 718 K, as showed in Fig. 8a. Similarly to the 
trend of resistivity, the Seebeck coefficient has also linearly increased from 117 µV/K at 300 
K to 185 µV/K at 520 K, and then it slightly decreases from 520 K to 718 K. Fig. 8b shows 
the total, electronic, and lattice thermal conductivities of studied sample in the temperature 
range of 300 K to 718 K. The total thermal conductivity (total) is contributed by two main 
parts of electronic component (e) and lattice component (L) which can be expressed as, 
total = electronic + lattice. The electronic thermal conductivity can be estimated by using the 
Wiedemann-Franz realation, electronic = LσT, where L is the Lorenz number. For p-type 
thermoelectric materials, the Lorenz number can be estimated from L = 1.5 + exp[-
/116].[59] It is clearly seen that the lattice thermal conductivity rapidly decreases with 
increasing temperature, while the electronic component tends to increase as the temperatures 
increase above 600 K. From the data one can identify that the lattice thermal conductivity is 
dominated at temperature lower 620 K and from 620 K to 718 K the electronic thermal 
conductivity is the main contribution to the total thermal conductivity of sample. The rapid 
decreased lattice thermal conductivity with increasing temperature could be associated with 
the structural deformation from primary phase to the secondary phase. Such a reduction in the 
lattice thermal conductivity was predicted and observed in previous studies.
[60,61]
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From measured Seebeck coefficient, electrical and thermal conductivities the material figure 
of merit, zT, is calculated and plotted in Fig. 8c. As can be seen the zT value is increased with 
increasing temperature and reach a maximum value of 1.4 at 718 K. This value is slightly 
lower than the non-doped Zn4Sb3 sample,
[34]
 however this still among highest zT in the 
medium temperature range. Aforementioned, the high zT value has significantly contributed 
from low thermal and electrical conductivities.  
Co-existence of nanoinclusion phase in the matrix phase brings benefit for enhancing the 
thermoelectric performance. Firstly, due to the size of nano-inclusions (10-40 nm) is smaller 
than mean phonon wavelength (commonly 40-260 nm), the secondary phase nano-
precipitations are believed to affect the thermal conductivity by altering the phonon spectrum 
itself.
[62]
 In this case, they would scatter phonons in much the same way as point defects in 
which the phonon scattering relaxation time could be written as a function of the “defect” 
concentration:
[62]
 
 3
4
2
4
1
vm
mm
cV
ave
avei
ia
d 

 






 
      (1) 
Where, mi is the mass of the defect, ci is the defect concentration, mave is the average mass of 
the atoms in the system, Va is an atomic volume, and v is the speed of sound, respectively. 
High density of nano-precipitation secondary phase in the sample results in a reduction of the 
phonon scattering relaxation, and therefore leading to a significant decreasing in the thermal 
conductivity to enhance the TE zT. Secondly, no grain boundary between the primary and 
secondary phases is observed in the sample that would remain good electrical conductivity 
because of no electronic scattering on the grain boundaries.
[63]
 
Moreover, an intrinsic structural feature of the studied materials, high density of misfit 
dislocations (Fig. 4) also gives rise to the thermoelectric performance by enhancing the 
phonon scattering on the dislocation. Such a phonon scattering can significantly decrease the 
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phonon relaxation time,
[64,65]
 and as a result, the thermal conductivity as followed the 
dependence:
[62]
 


22
2/7
2/3
3
21
bNd
s
        (2) 
Here, Nd is the dislocation density, b is Burgers vector, γ is the Grüneisen parameter, and  is 
the phonon frequency, respectively. Misfit dislocations with high density are obviously 
observed in our studied materials, and they would make an important contribution to reduce 
the thermal conductivity of the material. Nanoinclusions causes a signification reduction of 
phonon relaxation time, and therefore, results in a decrease of the thermal conductivity which 
depends on the relaxation time, <>:[17] 

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With T is the temperature, kB is the Boltzmann's constant, e is the elementary charge, and  is 
the electrical conductivity which is dependent on the relaxation time as a function:
[17]
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      (4)
 
Where mc, md are effectives masses of conductors and density of states, kB is Boltzmann 
constant, e is elementary charge, and h is the Planck constant, respectively. 
 
4. Conclusions and Outlooks 
We have demonstrated an effective approach using in-situ TEM to study dynamic behavior of 
thermoelectric nanostructured materials. With this method, a new story of structural and 
compositional evolution in a Mg-doped Zn4Sb3 system was proposed. Thermally stable two-
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phase structure composed of primary Zn5.54Sb5 and secondary Zn6Sb5 phases was evidentially 
observed to grow under heating experiments. Enrichment of Zn and Mg elements in the 
secondary nanoprecipitated phase was quantitatively revealed from heating experiments 
where the decomposition could only be observed when the heating temperature was above 
673 K. It was presumed that this decomposition is likely a consequence of the increasing 
enrichment of Zn in the secondary nanoprecipitated phase. This new understanding could 
help to find new routes to enhance thermal stability of Zn4Sb3 alloys for practical 
applications. 
Based on the story of dynamic thermal evolution of ZnSb nanostructure as a typical case 
study, we have proved that in-situ electron microscopy including transmission electron 
microscopy, scanning electron microscopy combined with well-designed in-situ experiments 
would bring breakthrough understanding of materials behavior for both practical applications 
and fundamental research. 
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FIGURES AND TABLES 
 
Fig. 1. In-situ bright-field TEM (BF-TEM) images of the Mg-doped Zn4Sb3 sample as a 
function of heating temperature from room temperature to 573 K, respectively. 
 
Fig. 2. Magnified BF-TEM images of the studied material at (a) 373K and (b) 573K. The 
elliptical areas are used to mark and emphasize the growth of the nanoinclusions. 
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Fig. 3. (a-c) SAD patterns of the studied material recorded at various temperatures during in-
situ heating experiment: (a) at RT, (b) at 473 K and (c) at 573 K; (d) HAADF image of the 
studied sample at 573 K, and (e,f) CBED patterns obtained from regions marked on the 
HAADF image. 
 
Fig. 4. HRTEM images of (a) primary phase at room temperature with white arrows showing 
a dislocation, (b,c) two-phase structure at 373 K and 573 K respectively with dark arrows 
indicating Moiré fringes. 
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Fig. 5. STEM-HAADF of the Mg-doped Zn4Sb3 sample: (a) at room temperature, (b) at 473 
K and (c) at 573 K, respectively. 
 
 
Fig. 6. STEM-EDX of the Mg-doped Zn4Sb3 sampled heated to 573 K for 15 minutes: (a) 
STEM-HAADF image, (b) Zn map, (c) Sb map and (d) Mg map. 
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Fig. 7. (a) STEM-HAADF of the Mg-doped Zn4Sb3 sample at 573 K showing two typical 
nanoprecipitated dots, and (b) line profile of Zn and Sb concentration along the white line in 
(a). The at.% concentration was calculated based on relative Zn and Sb as a 100% sum. 
 
 
 
Fig. 8. (a) Electrical resistivity and Seebeck coefficient, (b) thermal conductivity, and (c) 
figure of merit of Mg-doped Zn4Sb3 as a function of temperatures. 
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